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Ç‚Â‰ÂÌËÂ

 

îÓÚÓÌÌ˚Â ÍËÒÚ‡ÎÎ˚ (îä), ‰Ë˝ÎÂÍÚË˜ÂÒÍËÂ
Ò‚ÓÈÒÚ‚‡ ÍÓÚÓ˚ı ÏÂÌfl˛ÚÒfl ÔÂËÓ‰Ë˜ÂÒÍË, ‰Ó-
ÔÛÒÍ‡fl ·˝„„Ó‚ÒÍÛ˛ ‰ËÙ‡ÍˆË˛ Ò‚ÂÚ‡, ‚˚Á˚‚‡˛Ú
ËÌÚÂÂÒ Í‡Í ÌÓ‚˚Â ÓÔÚË˜ÂÒÍËÂ Ï‡ÚÂË‡Î˚, Ó·Î‡-
‰‡˛˘ËÂ ÛÌËÍ‡Î¸Ì˚ÏË Ò‚ÓÈÒÚ‚‡ÏË [1–4]. ÅÎ‡„Ó‰‡-
fl Ì‡ÎË˜Ë˛ ÙÓÚÓÌÌ˚ı Á‡ÔÂ˘ÂÌÌ˚ı ÁÓÌ (îáá) Ò
ÌËÁÍÓÈ ÔÎÓÚÌÓÒÚ¸˛ ÙÓÚÓÌÌ˚ı ÒÓÒÚÓflÌËÈ îä ÔÓÁ-
‚ÓÎfl˛Ú Â‡ÎËÁÓ‚‡Ú¸ fl‰ ËÌÚÂÂÒÌ˚ı ÂÊËÏÓ‚
‡ÒÔÓÒÚ‡ÌÂÌËfl ˝ÎÂÍÚÓÏ‡„ÌËÚÌ˚ı ‚ÓÎÌ. ç‡-
ÔËÏÂ, ‚ ÚÂıÏÂÌ˚ı îä ÏÓ„ÛÚ ÒÛ˘ÂÒÚ‚Ó‚‡Ú¸
Ú‡ÍËÂ Á‡ÔÂ˘ÂÌÌ˚Â ÁÓÌ˚, ˜ÚÓ ‚ ÌËı Ò‚ÂÚ Î˛·ÓÈ
ÔÓÎflËÁ‡ˆËË ÌÂ ÏÓÊÂÚ ‚ÓÈÚË ‚ îä ËÎË ‚˚ÈÚË ËÁ
ÌÂ„Ó ‚ Í‡ÍÓÏ-ÎË·Ó Ì‡Ô‡‚ÎÂÌËË. ÑÛ„ÓÂ ‚‡ÊÌÓÂ
Ò‚ÓÈÒÚ‚Ó îä – ‚˚ÒÓÍ‡fl ÒÚÂÔÂÌ¸ ÎÓÍ‡ÎËÁ‡ˆËË
˝ÎÂÍÚÓÏ‡„ÌËÚÌ˚ı ‚ÓÎÌ Ì‡ ‰ÂÙÂÍÚ‡ı Â¯ÂÚÍË. Ç
˝ÚÓÏ ÒÎÛ˜‡Â ‚ Á‡ÔÂ˘ÂÌÌ˚ı ÁÓÌ‡ı îä ‚ÓÁÌËÍ‡˛Ú
‰ÂÙÂÍÚÌ˚Â ÛÓ‚ÌË ˝ÌÂ„ËË. ÄÚÓÏ ÏÓÊÂÚ ËÁÎÛ-
˜ËÚ¸ Í‚‡ÌÚ Ò ˜‡ÒÚÓÚÓÈ, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ ‰ÂÙÂÍÚ-
ÌÓÏÛ ÛÓ‚Ì˛. 

ç‡ ÓÒÌÓ‚Â îä-Ï‡ÚÂË‡ÎÓ‚ ÒÓÁ‰‡Ì˚ ÌÓ‚˚Â ÚË-
Ô˚ ‚ÓÎÌÓ‚Ó‰Ó‚ [5], ÔÂ‰ÎÓÊÂÌ˚ ÒÔÓÒÓ·˚ Û‚ÂÎË-
˜ÂÌËfl ˝ÙÙÂÍÚË‚ÌÓÒÚË ÌÂÎËÌÂÈÌÓ-ÓÔÚË˜ÂÒÍËı
ÔÓˆÂÒÒÓ‚ [6–8], Ó·ÒÛÊ‰‡˛ÚÒfl Ë‰ÂË ÔÓ ‡Á‚ËÚË˛
˝ÎÂÏÂÌÚÌÓÈ ·‡Á˚ ÓÔÚÓ˝ÎÂÍÚÓÌÌÓÈ ÚÂıÌËÍË Ë ËÌ-
ÙÓÏ‡ˆËÓÌÌ˚ı ÚÂıÌÓÎÓ„ËÈ [2].

ëÔÂÍÚ‡Î¸Ì˚Â Ò‚ÓÈÒÚ‚‡ îä ÏÓÊÌÓ ‰ÓÔÓÎÌË-
ÚÂÎ¸ÌÓ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ËÁÏÂÌflÚ¸, ÔÓÏÂ˘‡fl ‚ÌÛÚ¸ ÔÂ-
ËÓ‰Ë˜ÂÒÍÓÈ ÒÚÛÍÚÛ˚ ÂÁÓÌ‡ÌÒÌ˚Â ÒÂ‰˚ (‡ÚÓ-
Ï˚ ËÎË ÏÓÎÂÍÛÎ˚). Ñ‡ÎÂÂ Ú‡ÍÛ˛ ÒÚÛÍÚÛÛ ·Û‰ÂÏ
Ì‡Á˚‚‡Ú¸ ÂÁÓÌ‡ÌÒÌ˚Ï ÙÓÚÓÌÌ˚Ï ÍËÒÚ‡ÎÎÓÏ
(êîä). èÓÒÚÂÈ¯ÂÈ Â‡ÎËÁ‡ˆËÂÈ ÂÁÓÌ‡ÌÒÌÓ„Ó

îä fl‚Îfl˛ÚÒfl ÒÎÓËÒÚ˚Â ÒÚÛÍÚÛ˚, ÒÓÒÚÓfl˘ËÂ ËÁ
˜ÂÂ‰Û˛˘ËıÒfl ÒÎÓÂ‚ ‰‚Ûı Ï‡ÚÂË‡ÎÓ‚, ‚ Í‡˜ÂÒÚ‚Â
Ó‰ÌÓ„Ó ËÁ ÍÓÚÓ˚ı ‡ÒÒÏ‡ÚË‚‡ÂÚÒfl ÂÁÓÌ‡ÌÒÌÓ
ÔÓ„ÎÓ˘‡˛˘ËÈ „‡Á. ëÔÂÍÚ‡Î¸Ì˚Â Ò‚ÓÈÒÚ‚‡ Ú‡ÍËı
êîä ËÁÛ˜‡ÎËÒ¸ ‚ ‡·ÓÚ‡ı [9, 10] ‚ ÒÎÛ˜‡Â ÌÓÏ‡Î¸-
ÌÓ„Ó Ô‡‰ÂÌËfl ËÁÎÛ˜ÂÌËfl Ì‡ îä. ëÓ˜ÂÚ‡ÌËÂ ÂÁÓ-
Ì‡ÌÒÌÓÈ ‰ËÒÔÂÒËË „‡Á‡ Ò ‰ËÒÔÂÒËÂÈ îáá-ÒÚÛÍÚÛ-
˚ ÔË‚Ó‰ËÚ Í Í‡˜ÂÒÚ‚ÂÌÌÓÏÛ ËÁÏÂÌÂÌË˛ ÒÔÂÍ-
ÚÓ‚ îä, ÔÓfl‚Îfl˛ÚÒfl ÔÓÎÓÒ˚ ÔÓÔÛÒÍ‡ÌËfl ‚
ÙÓÚÓÌÌÓÈ Á‡ÔÂ˘ÂÌÌÓÈ ÁÓÌÂ, ‡ Ú‡ÍÊÂ ‰ÓÔÓÎÌË-
ÚÂÎ¸Ì˚Â Á‡ÔÂ˘ÂÌÌ˚Â ÁÓÌ˚ Ì‡ Í‡˛ Á‡ÔÂ˘ÂÌÌÓÈ
ÁÓÌ˚ îáá-ÒÚÛÍÚÛ˚.

Ç ‰‡ÌÌÓÈ ‡·ÓÚÂ ‚ ÓÚÎË˜ËÂ ÓÚ [9, 10] ËÒÒÎÂ‰Û-
˛ÚÒfl ÓÒÓ·ÂÌÌÓÒÚË ‰ËÒÔÂÒËÓÌÌ˚ı Ò‚ÓÈÒÚ‚ ·ÂÒÍÓ-
ÌÂ˜ÌÓÈ Ó‰ÌÓÏÂÌÓÈ îáá-ÒÚÛÍÚÛ˚, ‚ÓÁÌËÍ‡˛-
˘ËÂ Á‡ Ò˜ÂÚ ÂÁÓÌ‡ÌÒÌÓÈ ‰ËÒÔÂÒËË „‡Á‡, ‰Îfl ÒÎÛ-
˜‡fl Ì‡ÍÎÓÌÌÓ„Ó Ô‡‰ÂÌËfl ËÁÎÛ˜ÂÌËfl. àÒÒÎÂ‰ÛÂÚÒfl
Ú‡ÍÊÂ ‚ÎËflÌËÂ ÂÁÓÌ‡ÌÒÌÓ„Ó ÔÓ„ÎÓ˘ÂÌËfl Ò‚ÂÚ‡
Ì‡ ÒÔÂÍÚ ÔÓÔÛÒÍ‡ÌËfl ÔË ‚‡Ë‡ˆËË Û„Î‡ Ô‡‰Â-
ÌËfl, Ô‡‡ÏÂÚÓ‚ îáá-ÒÚÛÍÚÛ˚ Ë ÂÁÓÌ‡ÌÒÌÓ„Ó
„‡Á‡.

 

áÓÌÌ‡fl ÒÚÛÍÚÛ‡ ÒÔÂÍÚ‡ 
ÒÓ·ÒÚ‚ÂÌÌ˚ı ‚ÓÁ·ÛÊ‰ÂÌËÈ 

ÌÂÓ„‡ÌË˜ÂÌÌÓ„Ó îä 
Ò ÂÁÓÌ‡ÌÒÌ˚Ï „‡ÁÓÏ

 

ê‡ÒÒÏÓÚËÏ îä-ÒÚÛÍÚÛÛ, ÔÂ‰ÒÚ‡‚Îfl˛˘Û˛
ÒÓ·ÓÈ ÌÂÓ„‡ÌË˜ÂÌÌÛ˛ ÒÎÓËÒÚÛ˛ ÒÂ‰Û, ‚ ÍÓÚÓÓÈ
Ó‰ÌËÏ ËÁ ˜ÂÂ‰Û˛˘ËıÒfl ËÁÓÚÓÔÌ˚ı ÒÎÓÂ‚ fl‚ÎflÂÚ-
Òfl ÂÁÓÌ‡ÌÒÌ˚È „‡Á. ê‡ÒÒÏ‡ÚË‚‡ÂÏ‡fl ÒÚÛÍÚÛ‡
(ËÒ. 1) ı‡‡ÍÚÂËÁÛÂÚÒfl ‰Ë˝ÎÂÍÚË˜ÂÒÍËÏË ÔÓÌË-
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àÒÒÎÂ‰Ó‚‡Ì˚ ÒÔÂÍÚ ÒÓ·ÒÚ‚ÂÌÌ˚ı ‚ÓÁ·ÛÊ‰ÂÌËÈ Ë ÒÔÂÍÚ ÔÓÔÛÒÍ‡ÌËfl Ó‰ÌÓÏÂÌÓ„Ó ÂÁÓÌ‡ÌÒÌÓ„Ó
ÙÓÚÓÌÌÓ„Ó ÍËÒÚ‡ÎÎ‡ ‰Îfl ˝ÎÂÍÚÓÏ‡„ÌËÚÌ˚ı ‚ÓÎÌ íå- Ë íÖ-ÔÓÎflËÁ‡ˆËÈ. ê‡ÒÒÏ‡ÚË‚‡ÂÏ˚È ÍË-
ÒÚ‡ÎÎ ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ·ÓÈ ÒÎÓËÒÚÛ˛ ÒÂ‰Û, ÒÓÒÚÓfl˘Û˛ ËÁ ̃ ÂÂ‰Û˛˘ËıÒfl ËÁÓÚÓÔÌÓ„Ó ÒÎÓfl Ë ÒÎÓfl Â-
ÁÓÌ‡ÌÒÌÓ ÔÓ„ÎÓ˘‡˛˘Â„Ó „‡Á‡. èÓ‚Â‰ÂÌÌ˚Â ‡Ò˜ÂÚ˚ ÔÓÍ‡Á˚‚‡˛Ú, ˜ÚÓ ÁÓÌÌ‡fl ÒÚÛÍÚÛ‡ ÒÔÂÍÚÓ‚
ÂÁÓÌ‡ÌÒÌÓ„Ó ÙÓÚÓÌÌÓ„Ó ÍËÒÚ‡ÎÎ‡ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÏÂÌflÂÚÒfl ÔË ‚‡Ë‡ˆËË Û„Î‡ Ô‡‰ÂÌËfl Ë ÔÎÓÚÌÓÒÚË
ÂÁÓÌ‡ÌÒÌÓ„Ó „‡Á‡. àÁÛ˜ÂÌ‡ ÒÚÛÍÚÛ‡ ÒÔÂÍÚÓ‚ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ„Ó ÔÓÔÛÒÍ‡ÌËfl ‚ Á‡ÔÂ˘ÂÌÌÓÈ ÁÓÌÂ
ÂÁÓÌ‡ÌÒÌÓ„Ó ÙÓÚÓÌÌÓ„Ó ÍËÒÚ‡ÎÎ‡ Ò Û˜ÂÚÓÏ Á‡ÚÛı‡ÌËfl ˝ÎÂÍÚÓÏ‡„ÌËÚÌ˚ı ÏÓ‰. ìÍ‡Á‡Ì˚ ‚ÓÁÏÓÊ-
ÌÓÒÚË ÛÔ‡‚ÎÂÌËfl ÒÔÂÍÚÓÏ ˝ÎÂÍÚÓÏ‡„ÌËÚÌ˚ı ÏÓ‰.
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ˆ‡ÂÏÓÒÚflÏË ÒÎÓÂ‚ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ËÁÓÚÓÔÌÓÈ ÒÂ-
‰˚ Ë ÂÁÓÌ‡ÌÒÌÓ„Ó „‡Á‡ 

 

ε
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 Ë 
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). íÓÎ˘ËÌ˚ ÒÎÓÂ‚

 

d
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 Ë 

 

d

 

2

 

, ÔÂËÓ‰ ÒÚÛÍÚÛ˚ 

 

L

 

 = 

 

d

 

1

 

 + 

 

d

 

2

 

. äÓÏÔÎÂÍÒÌ‡fl
‰Ë˝ÎÂÍÚË˜ÂÒÍ‡fl ÔÓÌËˆ‡ÂÏÓÒÚ¸ ÒÂ‰˚ ‚ ÏÓ‰ÂÎË
ãÓÂÌˆ‡ ‰‡ÂÚÒfl ‚˚‡ÊÂÌËÂÏ [11]

(1)

„‰Â  = 4

 

π

 

Nfe

 

2

 

/

 

m

 

, 

 

e

 

 – Á‡fl‰ ˝ÎÂÍÚÓÌ‡, 

 

m

 

 – Ï‡ÒÒ‡
˝ÎÂÍÚÓÌ‡, 

 

N

 

 – ÔÎÓÚÌÓÒÚ¸ ÂÁÓÌ‡ÌÒÌ˚ı ‡ÚÓÏÓ‚, 

 

f

 

 –
ÒËÎ‡ ÓÒˆËÎÎflÚÓ‡, 

 

γ

 

 – ¯ËËÌ‡ ÎËÌËË, 

 

ω

 

0

 

 – ˆÂÌ-
Ú‡Î¸Ì‡fl ˜‡ÒÚÓÚ‡ ÂÁÓÌ‡ÌÒ‡, 

 

ω

 

 – ˜‡ÒÚÓÚ‡ ËÁÎÛ˜Â-
ÌËfl. ÑËÒÔÂÒËÓÌÌÓÂ ÒÓÓÚÌÓ¯ÂÌËÂ ‰Îfl ÔÓ‰Ó·ÌÓÈ
ÒÚÛÍÚÛ˚ ‚ ÒÎÛ˜‡Â íå-‚ÓÎÌ (

 

p

 

-ÔÓÎflËÁ‡ˆËfl)
ÓÔËÒ˚‚‡ÂÚÒfl ıÓÓ¯Ó ËÁ‚ÂÒÚÌ˚Ï ‚˚‡ÊÂÌËÂÏ [3,
12], ÒÚÛÍÚÛ‡ ÍÓÚÓÓ„Ó ÌÂ ÏÂÌflÂÚÒfl ÔË Û˜ÂÚÂ
‰ËÒÔÂÒËË ÒÂ‰˚:

(2)

„‰Â  = , 

 

i

 

 = 1, 2, 

 

c

 

 – ÒÍÓÓÒÚ¸ Ò‚ÂÚ‡, 

 

k

 

x

 

,

 

k

 

z

 

 – ÒÓÒÚ‡‚Îfl˛˘ËÂ ‚ÓÎÌÓ‚Ó„Ó ‚ÂÍÚÓ‡ 

 

k

 

.

Ç ‰‡ÌÌÓÏ ‡Á‰ÂÎÂ ÔË ËÒÒÎÂ‰Ó‚‡ÌËË ÒÓ·ÒÚ‚ÂÌ-
Ì˚ı ‚ÓÁ·ÛÊ‰ÂÌËÈ ÌÂÓ„‡ÌË˜ÂÌÌÓ„Ó êîä Û˜ËÚ˚-
‚‡Î‡Ò¸ ‚ ÔÂ‚Û˛ Ó˜ÂÂ‰¸ ÚÓÎ¸ÍÓ ‰ÂÈÒÚ‚ËÚÂÎ¸Ì‡fl
˜‡ÒÚ¸ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË (1). ùÚÓ
ÛÔÓ˘ÂÌËÂ ‰‡ÂÚ ıÓÓ¯ÂÂ ÔË·ÎËÊÂÌËÂ ‰Îfl ÁÓÌ,
ÒÔÂÍÚ‡Î¸Ì‡fl ¯ËËÌ‡ ÍÓÚÓ˚ı ÔÂ‚˚¯‡ÂÚ ¯ËË-
ÌÛ 

 

γ

 

 ÂÁÓÌ‡ÌÒÌÓÈ ÎËÌËË. ÑËÒÔÂÒËÓÌÌÓÂ Û‡‚ÌÂ-
ÌËÂ (2) Â¯‡ÎÓÒ¸ ̃ ËÒÎÂÌÌÓ. ÑÎfl ̃ ËÒÎÂÌÌ˚ı ‡Ò˜Â-
ÚÓ‚ ·˚ÎË ‚˚·‡Ì˚ Ô‡‡ÏÂÚ˚ îä, ·ÎËÁÍËÂ Í

ËÒÔÓÎ¸ÁÛÂÏ˚Ï ‚ ‡·ÓÚÂ [9]: 
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 – ÓÔÚË˜ÂÒÍ‡fl ÚÓÎ˘ËÌ‡. êÂÁÓ-
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× q1d1( ) q2d2( ),sinsin
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2– ω2εi kx
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d1 ε1

 

Ì‡ÌÒÛ Ì‡ ‰ÎËÌÂ ‚ÓÎÌ˚ 

 

λ

 

0

 

 

 

≈ 

 

250 ÌÏ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ
¯ËËÌ‡ ÎËÌËË γ ≈ 109 Éˆ.

ç‡ ËÒ. 2 ÔÂ‰ÒÚ‡‚ÎÂÌ‡ ÚËÔË˜Ì‡fl Á‡Ú‡‚Ó˜Ì‡fl
ÁÓÌÌ‡fl ÒÚÛÍÚÛ‡ ·ÂÒÍÓÌÂ˜ÌÓ„Ó Ó‰ÌÓÏÂÌÓ„Ó îä
‚ ÔÎÓÒÍÓÒÚË ωkx ‰Îfl íå-‚ÓÎÌ. ó‡ÒÚÓÚ‡ ω ÌÓÏË-
Ó‚‡Ì‡ Ì‡ ωG, ‡ ‚ÓÎÌÓ‚ÓÈ ‚ÂÍÚÓ kx ÌÓÏËÓ‚‡Ì Ì‡
kG = π/L0.

ì˜ÂÚ ˜‡ÒÚÓÚÌÓÈ ‰ËÒÔÂÒËË ‰ÂÈÒÚ‚ËÚÂÎ¸ÌÓÈ ˜‡-
ÒÚË ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË (1) ÔË‚Ó‰ËÚ
Í Í‡˜ÂÒÚ‚ÂÌÌ˚Ï ËÁÏÂÌÂÌËflÏ ‚ ÁÓÌÌÓÈ ÒÚÛÍÚÛÂ
Á‡Ú‡‚Ó˜ÌÓ„Ó ÒÔÂÍÚ‡. ëÓ˜ÂÚ‡ÌËÂ ‰ËÒÔÂÒËË
îáá-ÒÚÛÍÚÛ˚ Ò ÂÁÓÌ‡ÌÒÌÓÈ ‰ËÒÔÂÒËÂÈ „‡Á‡
ÏÓÊÂÚ ÔË‚Ó‰ËÚ¸ Í ÔÓfl‚ÎÂÌË˛ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓÈ
Á‡ÔÂ˘ÂÌÌÓÈ ÁÓÌ˚ ‚ ÒÔÂÍÚÂ ÂÁÓÌ‡ÌÒÌÓ„Ó ÙÓ-
ÚÓÌÌÓ„Ó ÍËÒÚ‡ÎÎ‡. ùÚÓÚ ˝ÙÙÂÍÚ ËÎÎ˛ÒÚËÛÂÚ-
Òfl Ì‡ ËÒ. 3. ÇË‰ÌÓ, ˜ÚÓ ‚ ÔÂ‰ÒÚ‡‚ÎÂÌÌÓÏ Ù‡„-
ÏÂÌÚÂ ÒÔÂÍÚ‡ êîä ÔÓfl‚ÎflÂÚÒfl ‰ÓÔÓÎÌËÚÂÎ¸Ì‡fl
Á‡ÔÂ˘ÂÌÌ‡fl ÁÓÌ‡, ÂÒÎË ÂÁÓÌ‡ÌÒÌ‡fl ˜‡ÒÚÓÚ‡ „‡Á‡
ω0 = 1.19ωG ÎÂÊËÚ Ì‡ Í‡˛ ÔÂ‚ÓÈ Á‡ÔÂ˘ÂÌÌÓÈ
ÁÓÌ˚.

àÌ‡fl ÒËÚÛ‡ˆËfl Â‡ÎËÁÛÂÚÒfl, ÂÒÎË ÂÁÓÌ‡ÌÒÌ‡fl
˜‡ÒÚÓÚ‡ ÎÂÊËÚ ‚ Á‡ÔÂ˘ÂÌÌÓÈ ÁÓÌÂ îä. ç‡ ËÒ. 4
ÔË‚Â‰ÂÌ Ù‡„ÏÂÌÚ ÒÔÂÍÚ‡ ‰Îfl ÒÎÛ˜‡fl, ÍÓ„‰‡ Â-
ÁÓÌ‡ÌÒÌ‡fl ˜‡ÒÚÓÚ‡ ω0 = 1.18ωG ÎÂÊËÚ ‚ Á‡ÔÂ˘ÂÌ-
ÌÓÈ ÁÓÌÂ. Ç ̋ ÚÓÏ ÒÎÛ˜‡Â ‚ Á‡ÔÂ˘ÂÌÌÓÈ ÁÓÌÂ ÔÓfl‚-
ÎflÂÚÒfl ‰ÓÔÓÎÌËÚÂÎ¸Ì‡fl ÛÁÍ‡fl ÔÓÎÓÒ‡ ÔÓÔÛÒÍ‡ÌËfl
Ò ̄ ËËÌÓÈ, Ì‡ ÔÓfl‰ÓÍ ÔÂ‚˚¯‡˛˘ÂÈ ̄ ËËÌÛ Â-
ÁÓÌ‡ÌÒÌÓÈ ÎËÌËË. òËËÌ‡ÏË ‰ÓÔÓÎÌËÚÂÎ¸ÌÓÈ Á‡-
ÔÂ˘ÂÌÌÓÈ ÁÓÌ˚ Ë ÔÓÎÓÒ˚ ÔÓÔÛÒÍ‡ÌËfl ÏÓÊÌÓ
ÛÔ‡‚ÎflÚ¸, ‚‡¸ËÛfl Ô‡‡ÏÂÚ˚ îä-ÒÚÛÍÚÛ˚ Ë
ÂÁÓÌ‡ÌÒÌÓ„Ó „‡Á‡. ç‡ÔËÏÂ, Û‚ÂÎË˜ÂÌËÂ ÔÎÓÚ-
ÌÓÒÚË ÂÁÓÌ‡ÌÒÌÓ„Ó „‡Á‡ ÔË ÌÂËÁÏÂÌÌ˚ı ÔÓ˜Ëı

. . .. . .

x

z

ε1 ε2

0 d1 d1 + d2

êËÒ. 1. ëıÂÏ‡ÚË˜ÂÒÍÓÂ ÔÂ‰ÒÚ‡‚ÎÂÌËÂ ÔÂËÓ‰Ë˜ÂÒÍÓÈ
ÒÎÓËÒÚÓÈ ÒÂ‰˚.

0

ω/ωG

kx/kG42

4

2

êËÒ. 2. áÓÌÌ‡fl ÒÚÛÍÚÛ‡ ÙÓÚÓÌÌÓ„Ó ÍËÒÚ‡ÎÎ‡ ‚
ÔÎÓÒÍÓÒÚË ωkx ‰Îfl íå-‚ÓÎÌ. ë‚ÂÚÎ˚Â Ó·Î‡ÒÚË ÒÓÓÚ-
‚ÂÚÒÚ‚Û˛Ú Á‡ÔÂ˘ÂÌÌ˚Ï ÁÓÌ‡Ï; ω ËÁÏÂflÂÚÒfl ‚ Â‰Ë-
ÌËˆ‡ı ωG = cπ/L0, ‡ kx – ‚ Â‰ËÌËˆ‡ı kG = π/L0, ε1 = 3.24,

ε2 = 1, L = d1 + d2 = 100 ÌÏ,  = d2, L0 =  + d2.d1 ε1 d1 ε1
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ÇÂÚÓ‚ Ë ‰.

Ô‡‡ÏÂÚ‡ı êîä ÔË‚Ó‰ËÚ Í Û‚ÂÎË˜ÂÌË˛ ¯ËË-
Ì˚ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓÈ Ó·Î‡ÒÚË ÔÓÔÛÒÍ‡ÌËfl.

ë‡‚ÌÂÌËÂ ËÒ. 5 Ò ËÒ. 4 ÔË ÁÌ‡˜ÂÌËË ‚ÓÎÌÓ-
‚Ó„Ó ‚ÂÍÚÓ‡ kx = 0 ÔÓÍ‡Á˚‚‡ÂÚ, ˜ÚÓ Û‚ÂÎË˜ÂÌËÂ
ÔÎÓÚÌÓÒÚË „‡Á‡ ‚ 3 ‡Á‡ ÔË‚Ó‰ËÚ Í Û‚ÂÎË˜ÂÌË˛
¯ËËÌ˚ ÔÓÎÓÒ˚ ÔÓÔÛÒÍ‡ÌËfl ‚ Ú‡ÍÓÂ ÊÂ ˜ËÒÎÓ
‡Á. á‡ÏÂÚÌÓÂ ÓÚÎË˜ËÂ ÔÓÎÓÒ ÔÓÔÛÒÍ‡ÌËfl ËÏÂÂÚ
ÏÂÒÚÓ Ë ‰Îfl ÌÂÌÛÎÂ‚˚ı ÁÌ‡˜ÂÌËÈ ÔÓÂÍˆËË kx.

ì˜ÂÚ ÌÂ ÚÓÎ¸ÍÓ ‚Â˘ÂÒÚ‚ÂÌÌÓÈ, ÌÓ Ë ÏÌËÏÓÈ ̃ ‡-
ÒÚË ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË (1) ÔË‚Ó‰ËÚ

Í ÚÓÏÛ, ˜ÚÓ ‚ÓÎÌÓ‚ÓÂ ˜ËÒÎÓ kz ÔÓ„ÎÓ˘‡˛˘Â„Ó
êîä ÒÚ‡ÌÓ‚ËÚÒfl ÍÓÏÔÎÂÍÒÌ˚Ï ÌÂ ÚÓÎ¸ÍÓ ‰Îfl ˜‡-
ÒÚÓÚ, ÎÂÊ‡˘Ëı ‚ Á‡ÔÂ˘ÂÌÌ˚ı ÁÓÌ‡ı, ÌÓ Ë ‰Îfl ˜‡-
ÒÚÓÚ ‚ ‡ÁÂ¯ÂÌÌ˚ı ÁÓÌ‡ı. ç‡ ËÒ. 6 ÔË‚Â‰ÂÌ˚
ı‡‡ÍÚÂÌ˚Â Á‡‚ËÒËÏÓÒÚË ‰ÂÈÒÚ‚ËÚÂÎ¸ÌÓÈ Ë ÏÌË-
ÏÓÈ ˜‡ÒÚÂÈ kz ÓÚ ÓÚÒÚÓÈÍË ˜‡ÒÚÓÚ˚ ω ÓÚ ÂÁÓ-
Ì‡ÌÒÌÓÈ ˜‡ÒÚÓÚ˚ „‡Á‡ ω0, ÎÂÊ‡˘ÂÈ ‚ ÔÂ‚ÓÈ Á‡-
ÔÂ˘ÂÌÌÓÈ ÁÓÌÂ, ‰Îfl ÒÎÛ˜‡fl ÌÓÏ‡Î¸ÌÓ„Ó Ô‡‰ÂÌËfl
ËÁÎÛ˜ÂÌËfl. ÑÎfl Ò‡‚ÌÂÌËfl Ú‡ÍËÂ Á‡‚ËÒËÏÓÒÚË ÔË-
‚Â‰ÂÌ˚ ‰Îfl ÌÂÔÓ„ÎÓ˘‡˛˘Â„Ó Ë ÔÓ„ÎÓ˘‡˛˘Â„Ó

× 10–5

1.0

2

0

–2 0.5
kx/kG

(ω
 –

 ω
0)

/ω
G

êËÒ. 3. î‡„ÏÂÌÚ ÁÓÌÌÓÈ ÒÚÛÍÚÛ˚, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ
ËÒ. 2. êÂÁÓÌ‡ÌÒÌ‡fl ˜‡ÒÚÓÚ‡ Ì‡ Í‡˛ ÁÓÌ˚ ω0 = 1.19ωG,

γ = 5 × 10–7ωG,  = 7 × 10–8  ÔÎÓÚÌÓÒÚ¸ ÂÁÓÌ‡ÌÒ-

Ì˚ı ‡ÚÓÏÓ‚ „‡Á‡ N = 4 × 1014 ÒÏ–3.

ωp
2 ωG

2

0 1.0

2

0

–2

× 10–5

(ω
 –

 ω
0)

/ω
G

kx/kG

0.5

êËÒ. 4. î‡„ÏÂÌÚ ÁÓÌÌÓÈ ÒÚÛÍÚÛ˚. êÂÁÓÌ‡ÌÒÌ‡fl ˜‡-
ÒÚÓÚ‡ ‚ Á‡ÔÂ˘ÂÌÌÓÈ ÁÓÌÂ ω0 = 1.18ωG, ÓÒÚ‡Î¸Ì˚Â Ô‡-
‡ÏÂÚ˚ ÚÂ ÊÂ, ˜ÚÓ Ë ‰Îfl ËÒ. 3.

0 1.0

2

0

–2

× 10–5

(ω
 –

 ω
0)

/ω
G

kx/kG

0.5

êËÒ. 5. î‡„ÏÂÌÚ ÁÓÌÌÓÈ ÒÚÛÍÚÛ˚. èÎÓÚÌÓÒÚ¸ ÂÁÓ-
Ì‡ÌÒÌ˚ı ‡ÚÓÏÓ‚ N = 1.2 × 1015 ÒÏ–3, ÓÒÚ‡Î¸Ì˚Â Ô‡‡-
ÏÂÚ˚ ÚÂ ÊÂ, ˜ÚÓ Ë ‰Îfl ËÒ. 4.

10–1

0.4

0

–0.4

π 
–

 R
e(

k z
L)

Im
(k

zL
)

(ω  – ω0)/ωG ×10–5

êËÒ. 6. á‡‚ËÒËÏÓÒÚ¸ ‰ÂÈÒÚ‚ËÚÂÎ¸ÌÓÈ Ë ÏÌËÏÓÈ ˜‡-
ÒÚÂÈ ÔÓÂÍˆËË ‚ÓÎÌÓ‚Ó„Ó ‚ÂÍÚÓ‡ kz ÓÚ ÓÚÒÚÓÈÍË
˜‡ÒÚÓÚ˚ ω ÓÚ ÂÁÓÌ‡ÌÒÌÓÈ ˜‡ÒÚÓÚ˚ „‡Á‡ ‰Îfl ÒÎÛ˜‡fl
ÌÓÏ‡Î¸ÌÓ„Ó Ô‡‰ÂÌËfl ËÁÎÛ˜ÂÌËfl. ëÔÎÓ¯Ì‡fl Ë ¯ÚË-
ıÓ‚‡fl ¯ËÓÍËÂ ÎËÌËË – ‰Îfl ÌÂÔÓ„ÎÓ˘‡˛˘Â„Ó êîä
(ε2(ω) = Reε2(ω)). ëÔÎÓ¯Ì‡fl Ë ¯ÚËıÓ‚‡fl ÛÁÍËÂ ÎËÌËË –
‰Îfl ÔÓ„ÎÓ˘‡˛˘Â„Ó êîä (ε2(ω) = Reε2(ω) + iImε2(ω)).
è‡‡ÏÂÚ˚ ÒËÒÚÂÏ˚ ÚÂ ÊÂ, ˜ÚÓ Ë ‰Îfl ËÒ. 4.
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êîä ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ Ò Imε2 = 0 Ë Imε2 ≠ 0. àÁ Ë-
ÒÛÌÍ‡ ‚Ë‰ÌÓ, ˜ÚÓ Û˜ÂÚ ÏÌËÏÓÈ ˜‡ÒÚË ‰Ë˝ÎÂÍÚË˜Â-
ÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚË (1) ÔË‚Ó‰ËÚ Í ÒÛÊÂÌË˛ ‰Ó-
ÔÓÎÌËÚÂÎ¸ÌÓÈ ÔÓÎÓÒ˚ ÔÓÔÛÒÍ‡ÌËfl ‚ Á‡ÔÂ˘ÂÌ-
ÌÓÈ ÁÓÌÂ êîä Á‡ Ò˜ÂÚ ÒÛ˘ÂÒÚ‚ÂÌÌÓ„Ó ÔÓ„ÎÓ˘ÂÌËfl
‚·ÎËÁË ÂÁÓÌ‡ÌÒÌÓÈ ˜‡ÒÚÓÚ˚ ω0. èË Û‰‡ÎÂÌËË ÓÚ
ÂÁÓÌ‡ÌÒÌÓÈ ˜‡ÒÚÓÚ˚ (ω < ω0) ÏÌËÏ‡fl ˜‡ÒÚ¸ ‚ÓÎ-
ÌÓ‚Ó„Ó ̃ ËÒÎ‡ kz ÒÚ‡ÌÓ‚ËÚÒfl ÏÌÓ„Ó ÏÂÌ¸¯ÂÈ Â„Ó ‚Â-
˘ÂÒÚ‚ÂÌÌÓÈ ˜‡ÒÚË, Ë, ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÏÓ‰˚ ÔÓÎÓ-
Ò˚ ÔÓÔÛÒÍ‡ÌËfl ·Û‰ÛÚ ÒÎ‡·Ó Á‡ÚÛı‡Ú¸. ç‡ÍÓÌÂˆ,
Á‡ÏÂÚËÏ, ˜ÚÓ ÓÚÏÂ˜ÂÌÌ˚Â ÒÔÂÍÚ‡Î¸Ì˚Â ÓÒÓ·ÂÌ-
ÌÓÒÚË êîä ‰Îfl íå-‚ÓÎÌ ÒÓı‡Ìfl˛ÚÒfl Ë ‰Îfl ‚ÓÎÌ
íÖ-ÚËÔ‡.

ëÔÂÍÚ ÔÓÔÛÒÍ‡ÌËfl

ëÔÂÍÚ ÔÓÔÛÒÍ‡ÌËfl Ó„‡ÌË˜ÂÌÌÓ„Ó ÂÁÓÌ‡ÌÒ-
ÌÓ„Ó îä (ËÒ. 1), ÒÚÛÍÚÛ‡ ÍÓÚÓÓ„Ó ı‡‡ÍÚÂË-
ÁÛÂÚÒfl ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚ¸˛ ε1 Ë
ÍÓÏÔÎÂÍÒÌÓÈ ‰Ë˝ÎÂÍÚË˜ÂÒÍÓÈ ÔÓÌËˆ‡ÂÏÓÒÚ¸˛
ε2(ω) ‚ ‚Ë‰Â (1), ËÒÒÎÂ‰ÛÂÏ ÏÂÚÓ‰ÓÏ Ú‡ÌÒÙÂ-Ï‡Ú-
Ëˆ˚ [13, 14]. ÑÎfl ‡ÒÒÏ‡ÚË‚‡ÂÏÓÈ Ì‡ÏË ÒÚÛÍ-
ÚÛ˚ ‡ÒÔÂ‰ÂÎÂÌËÂ ˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÔÓÎfl ‚ ÒÎÓflı
ËÏÂÂÚ ‚Ë‰

(3)

„‰Â An, Bn – ‡ÏÔÎËÚÛ‰˚ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ Ô‡‰‡˛˘ÂÈ Ë

ÓÚ‡ÊÂÌÌÓÈ ‚ÓÎÌ ‚ n-Ï ÒÎÓÂ, αn = ,
θ – Û„ÓÎ Ô‡‰ÂÌËfl ËÁÎÛ˜ÂÌËfl. àÁ ÌÂÔÂ˚‚ÌÓÒÚË
˝ÎÂÍÚË˜ÂÒÍÓ„Ó Ex Ë Ï‡„ÌËÚÌÓ„Ó Hy ÔÓÎÂÈ Ì‡ „‡-
ÌËˆÂ ‡Á‰ÂÎ‡ ÒÎÓÂ‚ z = zn – 1 ÔÓÎÛ˜‡ÂÏ ÒËÒÚÂÏÛ
Û‡‚ÌÂÌËÈ, ÍÓÚÓ‡fl ÏÓÊÂÚ ·˚Ú¸ ÔÂ‰ÒÚ‡‚ÎÂÌ‡
Í‡Í Ï‡ÚË˜ÌÓÂ Û‡‚ÌÂÌËÂ

(4)

„‰Â Ú‡ÌÒÙÂ-Ï‡ÚËˆ‡

(5)

á‰ÂÒ¸ h = / , ÚÓÎ˘ËÌ˚ ÒÎÓ-
Â‚ γn = zn – zn – 1, n = 1, 2, …, N. àÁ (4) ÒÎÂ‰ÛÂÚ Ò‚flÁ¸
‡ÏÔÎËÚÛ‰ ‚ÓÎÌ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ Ô‡‰‡˛˘ÂÈ Ì‡ êîä
Ë ÓÚ‡ÊÂÌÌÓÈ ÓÚ ÌÂ„Ó A0, B0 Ò ‡ÏÔÎËÚÛ‰ÓÈ ‚ÓÎÌ˚
As, ‚˚¯Â‰¯ÂÈ Ò Ó·‡Áˆ‡, ÔË ÛÒÎÓ‚ËË, ˜ÚÓ ÓÚ‡-
ÊÂÌËÂ ‚ÓÎÌ Ò Ô‡‚ÓÈ ÒÚÓÓÌ˚ Ó·‡Áˆ‡ êîä ÓÚÒÛÚ-
ÒÚ‚ÛÂÚ, Bs = 0:

(6)

Ex n t,( ) Ane
iαn z zn–( )

Bne
iαn z zn–( )–

+[ ]e
iωt–

,=

ω/c εn θsin
2

–

An 1–

Bn 1–⎝ ⎠
⎜ ⎟
⎛ ⎞

Tn 1– n,
An

Bn⎝ ⎠
⎜ ⎟
⎛ ⎞

,=

Tn 1– n,
1
2
--- 1 h+( )e

iαnγ n–
1 h–( )e

iαnγ n

1 h–( )e
iαnγ n–

1 h+( )e
iαnγ n⎝ ⎠

⎜ ⎟
⎜ ⎟
⎛ ⎞

.=

εn θsin
2

– εn 1– θsin
2

–

A0

B0⎝ ⎠
⎜ ⎟
⎛ ⎞

M̂ As

0⎝ ⎠
⎜ ⎟
⎛ ⎞

,=

„‰Â 

(7)

S = N + 1, γN + 1 = 0. éÍÓÌ˜‡ÚÂÎ¸ÌÓ, ËÒÔÓÎ¸ÁÛfl (7),
ÔÓÎÛ˜‡ÂÏ ÍÓ˝ÙÙËˆËÂÌÚ ÔÓÔÛÒÍ‡ÌËfl

(8)

„‰Â  – ˝ÎÂÏÂÌÚ Ï‡ÚËˆ˚ .
àÒÒÎÂ‰ÛÂÏ ÚÂÔÂ¸ ÓÒÓ·ÂÌÌÓÒÚË ÒÔÂÍÚ‡ ÔÓ-

ÔÛÒÍ‡ÌËfl ÍÓÌÂ˜ÌÓ„Ó êîä Ò ÔÓÏÓ˘¸˛ ˜ËÒÎÂÌÌÓ„Ó
Â¯ÂÌËfl Û‡‚ÌÂÌËfl ‰Îfl ÍÓ˝ÙÙËˆËÂÌÚ‡ ÔÓÔÛÒÍ‡-
ÌËfl (8). ç‡ ËÒ. 7 ÔË‚Â‰ÂÌ˚ ˜‡ÒÚÓÚÌ˚Â Á‡‚ËÒËÏÓ-
ÒÚË ÍÓ˝ÙÙËˆËÂÌÚ‡ ÔÓÔÛÒÍ‡ÌËfl ÍÓÌÂ˜ÌÓ„Ó ÔÓ-
„ÎÓ˘‡˛˘Â„Ó ÂÁÓÌ‡ÌÒÌÓ„Ó ÙÓÚÓÌÌÓ„Ó ÍËÒÚ‡Î-
Î‡. ëÔÎÓ¯Ì˚Â ÎËÌËË ÔÓÔÛÒÍ‡ÌËfl ‰Îfl ‡ÁÎË˜Ì˚ı
Û„ÎÓ‚ Ô‡‰ÂÌËfl Ì‡ ËÒ. 7 ÔÓÎÛ˜ÂÌ˚ ÔË ÚÂı ÊÂ ÔÓ-
˜Ëı Ô‡‡ÏÂÚ‡ı ÒËÒÚÂÏ˚, ˜ÚÓ Ë ‰Îfl ËÒ. 6. ÇË‰ÌÓ
ËÁ Ò‡‚ÌÂÌËfl ËÒÛÌÍÓ‚, ̃ ÚÓ ÔË ÌÓÏ‡Î¸ÌÓÏ Ô‡‰Â-
ÌËË ¯ËËÌ‡ ˜‡ÒÚÓÚÌÓÈ Ó·Î‡ÒÚË ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ„Ó
ÔÓÔÛÒÍ‡ÌËfl Ì‡ ËÒ. 7 ÒÓ„Î‡ÒÛÂÚÒfl Ò ‰ÓÔÓÎÌËÚÂÎ¸-
ÌÓÈ ÔÓÎÓÒÓÈ ÔÓÔÛÒÍ‡ÌËfl ÌÂÓ„‡ÌË˜ÂÌÌÓ„Ó êîä.
éÚÏÂÚËÏ Ú‡ÍÊÂ, ˜ÚÓ ÍÓ˝ÙÙËˆËÂÌÚ ÔÓÔÛÒÍ‡ÌËfl
‚ÂÒ¸Ï‡ ˜Û‚ÒÚ‚ËÚÂÎÂÌ Í Û„ÎÛ Ô‡‰ÂÌËfl θ, ÔË Û‚ÂÎË-
˜ÂÌËË θ ‰Ó 10° ÁÌ‡˜ÂÌËÂ ‚ Ï‡ÍÒËÏÛÏÂ ÍË‚ÓÈ ÔÓ-
ÔÛÒÍ‡ÌËfl ÛÏÂÌ¸¯ËÎÓÒ¸ Ì‡ ÔÓfl‰ÓÍ.

èË Û‚ÂÎË˜ÂÌËË ‚ 3 ‡Á‡ ÔÎÓÚÌÓÒÚË ÂÁÓÌ‡ÌÒÌÓ-
„Ó „‡Á‡ Á‡ÚÛı‡ÌËÂ γ Ú‡ÍÊÂ Û‚ÂÎË˜Ë‚‡ÂÚÒfl ‚ 3 ‡Á‡ ‚
ÒÎÛ˜‡Â Û‰‡ÌÓ„Ó ÏÂı‡ÌËÁÏ‡ Û¯ËÂÌËfl [15]. ëÔÂÍÚ
‰ÓÔÓÎÌËÚÂÎ¸ÌÓÈ ÔÓÎÓÒ˚ ÔÓÔÛÒÍ‡ÌËfl (¯ÚËıÓ‚‡fl
ÍË‚‡fl Ì‡ ËÒ. 6) Ò‰‚Ë„‡ÂÚÒfl ÓÚ ÂÁÓÌ‡ÌÒ‡, ‡ ¯ËË-
Ì‡ ÔÓÎÓÒ˚ ‚ÓÁ‡ÒÚ‡ÂÚ ‚ 3 ‡Á‡. äÓ˝ÙÙËˆËÂÌÚ ÔÓ-
ÔÛÒÍ‡ÌËfl ‚ Ï‡ÍÒËÏÛÏÂ ÌÂ ÏÂÌflÂÚÒfl.

M̂ T̂01T̂12…T̂ N 1– N, T̂ N S, ,=

t ω( ) 1/ M̂11
2
,=

M̂11 M̂

0–2–4–6
(ω – ω0)/ωG ×10–6

0.04

0.02

0

t 0

5

10

êËÒ. 7. ó‡ÒÚÓÚÌ˚Â Á‡‚ËÒËÏÓÒÚË ÍÓ˝ÙÙËˆËÂÌÚ‡ ÔÓ-
ÔÛÒÍ‡ÌËfl t(ω) ÔÓ„ÎÓ˘‡˛˘Â„Ó êîä. ëÔÎÓ¯Ì˚Â ÎËÌËË
ÔË‚Â‰ÂÌ˚ ‰Îfl Û„ÎÓ‚ Ô‡‰ÂÌËfl θ = 0°, 5° Ë 10° ÔË ÔÎÓÚ-
ÌÓÒÚË ÂÁÓÌ‡ÌÒÌ˚ı ‡ÚÓÏÓ‚ N = 4 × 1014 ÒÏ–3. òÚËıÓ-
‚‡fl ÎËÌËfl ‡ÒÒ˜ËÚ‡Ì‡ ‰Îfl ÒÎÛ˜‡fl ÌÓÏ‡Î¸ÌÓ„Ó Ô‡‰ÂÌËfl,
ÔÎÓÚÌÓÒÚË ÂÁÓÌ‡ÌÒÌ˚ı ‡ÚÓÏÓ‚ N = 1.2 × 1015 ÒÏ–3 Ë
¯ËËÌÂ ÂÁÓÌ‡ÌÒÌÓÈ ÎËÌËË γ = 1.5 × 10–6ωG. íÓÎ˘ËÌ‡
‡ÒÒÏ‡ÚË‚‡ÂÏÓ„Ó êîä, ÒÓ‰ÂÊ‡˘Â„Ó 30 ÔÂËÓ‰Ó‚,
ÒÓÒÚ‡‚ÎflÂÚ 3 ÏÍÏ. éÒÚ‡Î¸Ì˚Â Ô‡‡ÏÂÚ˚ ÚÂ ÊÂ, ˜ÚÓ Ë
‰Îfl ËÒ. 4.
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ÇÂÚÓ‚ Ë ‰.

èÓ ÏÂÂ ÔË·ÎËÊÂÌËfl ÂÁÓÌ‡ÌÒÌÓÈ ˜‡ÒÚÓÚ˚ ω0
Í Í‡˛ Á‡ÔÂ˘ÂÌÌÓÈ ÁÓÌ˚ ÔË ÔÓ˜Ëı ÌÂËÁÏÂÌÌ˚ı
Ô‡‡ÏÂÚ‡ı ÒËÒÚÂÏ˚ ÔÓÔÛÒÍ‡ÌËÂ ÒÛ˘ÂÒÚ‚ÂÌÌÓ
Û‚ÂÎË˜Ë‚‡ÂÚÒfl. ç‡ÔËÏÂ, ÔË ω0 = 1.185ωG ÓÌÓ ‰Ó-
ÒÚË„‡ÂÚ 50%.

á‡ÍÎ˛˜ÂÌËÂ

í‡ÍËÏ Ó·‡ÁÓÏ, ÍÓÏ·ËÌ‡ˆËfl ‰ËÒÔÂÒËË îáá-
ÒÚÛÍÚÛ˚ Ò ‰ËÒÔÂÒËÂÈ ÂÁÓÌ‡ÌÒÌÓ„Ó „‡Á‡ ÔË‚Ó-
‰ËÚ Í Í‡˜ÂÒÚ‚ÂÌÌÓÏÛ ËÁÏÂÌÂÌË˛ ÒÔÂÍÚ‡Î¸Ì˚ı
Ò‚ÓÈÒÚ‚ ÂÁÓÌ‡ÌÒÌÓ„Ó ÙÓÚÓÌÌÓ„Ó ÍËÒÚ‡ÎÎ‡. Ç
Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚÂ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ËÏÂ˛ÚÒfl Â‡Î¸-
Ì˚Â ‚ÓÁÏÓÊÌÓÒÚË ËÁÏÂÌÂÌËfl ÍË‚˚ı ‰ÓÔÓÎÌË-
ÚÂÎ¸ÌÓ„Ó ÔÓÔÛÒÍ‡ÌËfl ‚ Á‡ÔÂ˘ÂÌÌÓÈ ÁÓÌÂ êîä
Á‡ Ò˜ÂÚ ËÁÏÂÌÂÌËfl ÔÎÓÚÌÓÒÚË ÂÁÓÌ‡ÌÒÌÓ„Ó „‡Á‡,
ÔÓÎÓÊÂÌËfl ÂÁÓÌ‡ÌÒÌÓÈ ˜‡ÒÚÓÚ˚ ÓÚÌÓÒËÚÂÎ¸ÌÓ
Í‡fl Á‡ÔÂ˘ÂÌÌÓÈ ÁÓÌ˚. èÓˆÂÒÒ‡ÏË ÔÓÔÛÒÍ‡-
ÌËfl ÏÓÊÌÓ Ú‡ÍÊÂ ˝ÙÙÂÍÚË‚ÌÓ ÛÔ‡‚ÎflÚ¸ ÔÛÚÂÏ
‚‡¸ËÓ‚‡ÌËfl Û„Î‡ Ô‡‰ÂÌËfl Î‡ÁÂÌÓ„Ó ËÁÎÛ˜ÂÌËfl.
Ç Ô‡ÍÚË˜ÂÒÍËı ÔËÎÓÊÂÌËflı Ú‡ÍËÂ êîä ÏÓ„ÛÚ
·˚Ú¸ ÔÂÒÔÂÍÚË‚Ì˚ ÔË ÒÓÁ‰‡ÌËË ÛÁÍÓÔÓÎÓÒÌ˚ı
ÙËÎ¸ÚÓ‚ Ò ÔÂÂÒÚ‡Ë‚‡ÂÏ˚ÏË ı‡‡ÍÚÂËÒÚËÍ‡-
ÏË, ÔË ÔÓÒÚÓÂÌËË ÌÓ‚˚ı ÚËÔÓ‚ ÓÔÚË˜ÂÒÍËı
ÛÒÚÓÈÒÚ‚.

ê‡·ÓÚ‡ ÔÓ‰‰ÂÊ‡Ì‡ „‡ÌÚ‡ÏË çò-3818.2008.3,
åä-1292.2008.2, êçè-2.1.1.1814; ‹ 2.10.2 éîç
êÄç, ‹ 33 ëé êÄç.
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